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ABSTRACT
Biomacromolecules like proteins, polysaccharides, and
phosphomonoesters account for a large portion of the bioavailable organic
carbon and nitrogen in aquatic and terrestrial environments. Despite being
relatively ubiquitous, and functioning as metabolic reserves and storage
components, these freshly synthesized biomacromolecules are generally too
large for heterotrophic microbes to uptake directly without being hydrolyzed by
microbial extracellular enzymes. Diverse extracellular hydrolases are present in
marine environments, but current assays, such as using singular extracellular
peptidase or glycosyl hydrolase, are insufficient to determine total hydrolytic
capacity. Therefore, to develop a more complete understanding of extracellular
enzymes responsible for hydrolytic activity in marine sediments, several distinct
extracellular enzyme substrates were used on sediments from a temperate
estuary (the White Oak River estuary, a blackwater drowned river basin in
coastal North Carolina, USA) and a high Arctic fjord (Kongsfjorden, in the
Svalbard Archipelago, Norway). The hypotheses tested were: (i) bulk activities of
enzymes would be lower in Kongsfjorden sediments; (ii) half-saturation constants
would differ between the two settings; (iii) ratios of activities of specific enzymes
would be different between the two settings; (iv) enzyme diversity would be lower
in Kongsfjorden sediments. The experimental results did not support some of the
hypotheses. Specifically, bulk enzyme activities were higher in Kongsfjorden
sediments compared to the White Oak River sediments, and enzyme diversity
iv

was higher in Kongsfjorden sediments. Half-saturation constants were lower in
Kongsfjorden, but the differences were not statistically significant, and the ratios
of the most active enzymes were different between both environments.
Additionally, protein hydrolases were more active than the tested polysaccharide
hydrolases at both sites. Suggesting that nitrogen acquisition may be essential
for these communities. Kongsfjorden hydrolysis rates were also significantly
higher than the White Oak suggesting that temporal variation may play a larger
role in this environment.
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INTRODUCTION AND BACKGROUND

Microbial controls on sediment organic carbon oxidation
Several fundamental controls on organic matter (OM) preservation in
marine sediments have been established, including depth, organic matter flux
and sedimentation rate, oxygen exposure time, sediment grain size, and mineral
surface area (Calvert, 1987; Hedges and Keil, 1995; Keil et al., 1994). Sediments
are home to a vast array of heterotrophic microorganisms. These microorganisms are responsible for the bulk of nutrient cycling and decomposition that
makes the basis of the food web. They also metabolize most organic matter
found in anaerobic sediments (Canfield, 1994; Lee et al., 2004; Wakeham and
Canuel, 2006). Because sediments are one of the largest microbial environments
on the planet (Kallmeyer et al., 2012), furthering our understanding of these
systems grants us greater insight into the larger picture of organic carbon cycling.
However, these organisms cannot directly take up molecules larger than ~600
Daltons due to constraints imposed by the size of general uptake porins (Benz
and Bauer, 1988). Therefore, microorganisms require extracellular enzymes to
break substrates down into monomers or oligomers (Arnosti, 2011).
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Role of temperature and latitude in microbial organic matter
oxidation
Temperature affects rates of enzyme-catalyzed reactions and can also
affect the kinetics and dynamics of extracellular enzymes in subtler ways.
Temperature sensitivity is often described in terms of Q10, the factor by which
rates increase when temperature increases by 10 °C. Typically, rates of enzymecatalyzed reactions have Q10 values of 1.5 to 2 (Blankinship et al., 2014; Feller
and Gerday, 2003; Huston et al., 2000). Although there is substantial variation
among enzymes and Q10 values between species, Q10 values tend to be higher
for enzymes with lower temperature optima, due to the structural modifications of
enzymes that allow activity at low temperatures (Schipper et al., 2014). These
structural modifications result in cold-adapted enzymes that can be as much as
ten times more active at low temperatures than homologous, mesophilic
enzymes (Feller and Gerday, 2003).
However, adaptations of enzymes to the cold come with tradeoffs. Many
psychrophilic enzymes feature altered residues at the active sites (Feller and
Gerday, 2003). The active site is often larger and more accessible in
psychrophilic enzymes, which may lower the free energy of enzyme-substrate
formation, as well as potentially allow a broader range of enzymes to fit into the
active site (Feller and Gerday, 2003). This also allows a looser binding, which
increases the Km values and destabilizes the enzyme, allowing it to be denatured
at lower temperatures (Feller and Gerday, 2003). Km refers to the substrate
2

concentration that is required to generate 50% of the maximum potential activity
and is a proxy for enzyme substrate affinity (Northrop and Stanley, 1972). A
small Km indicates high substrate affinity, as it enables the reaction to reach Vmax,
the maximum rate of reaction, at lower substrate concentrations than a larger Km
value. The combined effect of higher Vmax, higher Km, and potentially lower
stability on the total amount of substrate turned over by an enzyme during its
lifetime make it difficult to predict the effect of temperature on macromolecule
turnover rates (Arnold et al., 2001; Feller and Gerday, 2003a; Miyazaki et al.,
2000). In permanently cold sediments, such as those in Svalbard, Norwary,
extracellular hydrolases and microbes are affected by all of these factors. Arnosti
(Arnosti, 2004) categorizes these as “speed bumps,” things that slow down
carbon degradation, and “barricades,” things that completely stop carbon
degradation and impede microbially driven remineralization. Not only do they
have to compensate for the perpetually cold temperatures, there must also be
the necessary extracellular enzymes present in the system to break down
present macromolecules. This generally leads to diverse suites of enzymes that
are needed for degradation of organic matter (Arnosti, 2004).
Temperature can affect extracellular enzymes in more indirect ways, too.
At the microscopic scale, enzymes that are secreted into the extracellular
medium diffuse faster at higher temperatures, which influences the amount of
reaction product that returns to the parent cell (Vetter et al., 1998). Not all
microbes have the same capacity to produce extracellular enzymes, so microbial
3

community shifts in response to temperature could have the side effect of altering
potential to produce extracellular enzymes (Zimmerman et al., 2013).
Temperature may also affect the dynamics of extracellular enzymes by affecting
the composition of the microbial communities that produce them. Communities of
marine macro-organisms appear to be systematically less diverse at the poles
than at mid-latitudes (Chaudhary et al., 2017), and there is evidence that this is
true for microbial communities, albeit the evidence is contested (Fuhrman et al.,
2008; Mosset et al., 2019). Consistent with the idea of less diverse microbial
communities at the poles, surveys of pelagic extracellular enzyme activities
suggest a broader range of activities near the White Oak River estuary in North
Carolina, USA, versus in Svalbard fjords (Arnosti et al., 2011; Steen et al., 2010;
Steen and Arnosti, 2014).
One way to assess the combined effects of temperature on microbial
ecosystems is to look to changes in enzyme activities in experimentally warmed
ecosystems. Most of these experiments have been done in soil. A common
finding is that, as soils are warmed, rates of CO2 production become limited by
labile organic matter concentration rather than by temperature (Eliasson et al.,
2005; Kirschbaum, 2004). Given these complex interactions, it is reasonable to
predict that there are large differences between enzyme activities in cold and
warm sediments, but it is not clear what those differences should be.
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Sediment biogeochemistry of the White Oak River
The White Oak River (WOR; Fig 1) is a blackwater, coastal estuarine
stream system located in North Carolina (Land and Paull, 2001). Average
temperatures vary seasonally with a summer high of around 32 °C and a winter
low of around 40°F (Land and Paull, 2001). The system as a whole is near 50 km
long, with a relatively narrow channel (~10 km) (Kelley et al., 1990). Sediment in
this system consists of fine-grained, organic rich mud, with multiple oyster beds
(Benninger and Martens, 1983; Land and Paull, 2001). Average water depth in
the WOR is approximately 1-2 m with a ± 0.4 m tidal range (Land and Paull,
2001). Salinity averages ~22-33% but changes with rainfall and storm surge
events (Kelley et al., 1990a; Land and Paull, 2001). Sites measured for this work
have a large degree of oceanic tidal impact, this diminishes upriver, where the
system is dominated by cypress swamp and marsh area (Kelley et al., 1990).
The WOR has been the site of extensive extracellular enzyme and
porewater geochemistry studies, which show the specialization of microbial
communities to degrade molecules that have been enriched in degraded organic
matter. Microbially mediated sulfate reduction and methanogenesis are the two
main pathways for remineralization in this system (Kelley et al., 1990). A
gradient, referred to as the sulfate methane transition zone (SMTZ), is where
sulfate reduction, generally catalyzed by sulfate-reducing bacteria, occurs above
anaerobic oxidation of methane in the sediment (Hoehler et al., 1994). The WOR
SMTZ is approximately 20-40 cm below the sediment-water interface, with little
5

seasonal vertical variation (Lloyd, 2009; Lloyd et al., 2013), although
methanogenesis varies seasonally. Higher methane consumption rates occur in
the warmer summer months, while sulfate reduction rates seem to remain
constant year-round (Kelley et al., 1990a). Organic matter breakdown seems to
be facilitated by a group of specialized and well-adapted extracellular enzymes,
such as abundant peptidases, including methionine aminopeptidases, zinc
carboxypeptidases, and class S24-like peptidases (Steen et al., 2016).

Sediment biogeochemistry of Kongsfjorden, Svalbard
Kongsfjorden is a glacial terminating fjord that functions as an estuarine
system, with a sedimentation and salinity gradient across the mouth of the fjord
that is controlled by glacier-derived fluxes of minerals and freshwater (Fig 1). The
fjord is “flooded” with fresh water as ice melts throughout the spring. Various
weathering processes introduce large fluxes of iron, manganese, and other trace
metals into fjord from sediments carried in glacial meltwater streams, “dirty”
icebergs, and subglacial melt (Herbert et al., 2018). Not only do large meltwater
pulses increase sedimentation rates (Herbert et al 2018), but nutrients in the
sediment enhance primary production and seasonal phytoplankton blooms
(Barber et al., 2015; Fransson et al., 2016). The algae die and sink to the sea
floor where the biomass is metabolized by sediment microbial communities
(Fransson et al., 2016; McMahon et al., 2006; Svendsen et al., 2002), despite the
fjord’s sediment being an average of 0 °C yearly (Glud et al., 1998). Higher
6

benthic respiration rates occur after spring and summer blooms (Barber et al.,
2015; McMahon et al., 2006), and a substantial fraction of the organic carbon is
remineralized via dissimilatory iron reduction due to the large influx of easily
reducible iron within fjord sediments (Herbert et al., 2018). Moreover, porewater
sulfide does not accumulate and porewater sulfate is not depleted despite rapid
sulfate reduction (Wehrmann et al., 2017). This is because of a “cryptic” sulfur
cycle, where sulfate is reduced to sulfide that is rapidly re-oxidized by active iron
cycling.
In general, microbial biomass and diversity decrease from the mouth of
the fjord to the glacier (Hop et al., 2002). Previous studies show that the
sediment microbes and enzymatic suites they are utilizing may differ from one
another, based not only on the nutrient input into the system, but their position
within the water column and sediment (Arnosti and Steen, 2013; Cardman et al.,
2014; Teske et al., 2011). Extracellular enzyme activities are often highest at the
sediment water interface, and rapidly decrease as distance from this interface is
increased due to higher cell densities and carbon oxidation rates in surface
sediments. These tend to decrease in a power-law relationship with depth, and
enzyme activities tend to follow cell densities and carbon oxidation rates (Arnosti
et al., 2011). There is also evidence that there is a more limited range of
polysaccharide hydrolases in Kongsfjorden water than can be found in temperate
and tropical waters, with most glucose being incorporated into biomass rather
than respired as CO2 (Cardman et al., 2014; Steen and Arnosti, 2013).
7

Research Objectives and Hypotheses
The environmental differences and complex biogeochemical interactions at
the WOR and Kongsfjorden led to the research questions of this thesis, which
focus specifically on sediment extracellular enzyme activities. The following
hypotheses about extracellular enzyme activities were proposed:
1. Potential extracellular enzyme activities are lower in Kongsfjorden
sediments than in the WOR sediments.
2. Half-saturation constants of extracellular enzymes in Kongsfjorden
sediments are higher than those in the WOR.
3. Ratios of enzyme activities in Kongsfjorden differ from those in the WOR.
4. The diversity of enzymes active in Kongsfjorden differ from the diversity of
enzymes active in the WOR.
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Table 1: Substrates and corresponding enzyme along with supplier. Product numbers listed as
N/A had been discontinued at the time of this writing.
Substrate

Enzyme

Abbreviation

Supplier

Product
#

L-Leucine 7-amido-4methylcoumarin
L-Arginine 7-amido-4methylcoumarin
4-Methylumbelliferyl
sulfate
Proline-valine-alanine 7amido-4-methylcoumarin
4-Methylumbelliferyl- βD-xylopyranoside
4-Methylumbelliferyl- βD-cellobioside
4-Methylumbelliferyl α-Dglucopyranoside
4-Methylumbelliferyl
phosphate
4-Methylumbelliferyl βD-galactopyranoside
Alanine-alanine-prolinephenylalanine 7-amido4-methylcoumarin
Boc-phenylalanineserine-arginine 7-amido4-methylcoumarin
BOC-glutamine-alaninearginine 7-amido-4methylcoumarin
Boc-valine-prolinearginine 7-amido-4methylcoumarin
H-Alanine-alaninephenylalanine 7-amido4-methylcoumarin
Z-Phenylalanine-valinearginine 7-amido-4methylcoumarin
4-Methylumbelliferyl β-Dglucopyranoside

Leucine
aminopeptidase
Arginine
Aminopeptidase
Sulfatase

Leu-AMC

06122
A2027

S

MUB-SO4

M7133

B

Peptidase

PVA-AMC

Chem-Impex
International
SigmaAldrich
SigmaAldrich
Bachem

Sediment
(S) Water
Column
(W) or
Both (B)
B

N/A

S

β-xylosidase

MUB-Xylo

M7008

S

Glucanase

MUB- β-Cello

M6018

B

α-glucosidase

MUB-a-Glu

M9766

B

Phosphatase

MUB-PO4

M8883

S

β-galactosidase

MUB-Galac

M1633

S

Clostripain

AAPF-AMC

SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
Bachem

N/A

W

Trypsin

BOC-FSRAMC

Bachem

4012340

W

Trypsin

BOC-QARAMC

R&D
systems

ES014

W

Gingipain

BOC-VPRAMC

Bachem

4003460

W

Chymotrypsin

H-AAF-AMC

Bachem

4002571

W

Trypsin

Z-FVR-AMC

Bachem

N/A

W

β-glucosidase

MUB-B-Glu

Millipore
Sigma

M3633

W

Arg-AMC
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MATERIALS AND METHODS
Sample Collection
White Oak River Cores
Two push cores that were one meter long were collected at the WOR site,
North Carolina (34.7288, -77.1207) (Fig 1). Cores were collected by pushing the
core barrel straight into the sediment with a stopper attached to a rope that was
tethered to the boat and held by a person on deck. As the core was pushed into
the sediment, the stopper was slowly pulled up at the same rate that the core
was pushed down. This helped to preserve the integrity of the sample. These
cores were brought back to lab and sectioned at a 3 cm resolution to a depth of
60 cm. The volume of sediment was roughly the same between the two sites.
Sections were flash frozen in liquid nitrogen and stored in a -80°C freezer until
environmental assays could be completed. These sections yielded roughly the
same volume of sediment.
Svalbard Cores
Two 27 cm cores collected from Kongsfjorden were collected via a Haps
corer ((78.90, 12.392), (78.96, 12.205)). The core was mounted in the center of a
stainless-steel pyramid frame that allowed the core to be deployed in an area
with little disturbance to the collected sediment. An inner 127 cm diameter
polycarbonate liner was attached to the coring unit of the device and this was
closed via a swinging “shovel” type device that kept the sediment from spilling
10

out as the corer was winched back to the surface. Once back aboard the ship,
the inner core was removed and the sediment was sub-cored with 5 cm-diameter
polycarbonate tubes. These were then brought back to the lab and then
sectioned into 3 cm increments, then flash frozen in liquid nitrogen and then
stored in a -80 °C freezer until environmental assays could be completed.
Water Column
Samples were collected via Nisken bottle casts. Site T (79.21, 11.87) deep
measurement was obtained from 300 m below surface, and shallow was 10 m
below surface. Site KA (78.99, 11.75) deep was 170 m below surface and
shallow was 5m below surface. Site Tb (79.21, 11.87) was measured at the
same depths and location as site T but was collected after the spring bloom
started. This duplicate sample was to examine the effects of the bloom on
hydrolysis rates. Casting depths were determined by ocean floor depth, current
flow rate, and amount of castable line.
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Environmental enzyme assays
Sediment Assays
The following enzymes were assayed, and the substrates used for the
assay are noted in parentheses: Leucine aminopeptidase (Leu-AMC), arginine
aminopeptidase (Arg-AMC), 4-Methylumbelliferyl sulfatase (MUB-SO4),
proline-valine-alanine aminopeptidase (PVA-AMC), 4-Methylumbelliferyl β-Dxyloside (MUB-xylo), 4-Methylumbelliferyl β-D-cellobioside (MUB-B-Cello), 4Methylumbelliferyl α-D-glucopyranoside (MUB-a-Glu), 4-Methylumbelliferyl
phosphate (MUB-PO4), 4-Methylumbelliferyl β-D-galactopyranoside (MUBGalac), to examine the potential hydrolytic activity in the sediments via
fluorimetry based on a cost to maximum enzyme coverage. The fluorimeter was
placed in an anoxic chamber that had been purged of oxygen and filled with
nitrogen. A Plas-Labs catalytic heater was allowed to run to maintain an
anaerobic environment.
To measure enzyme activity, each sediment sample was mixed into a
slurry at a ratio of 3 g sediment to 100 mL buffer. Sediment was weighed frozen
and quickly added to the buffer. 800 μL slurry was dispensed into methacrylate
cuvettes, and 40 μL fluorogenic substrate (Table 1) was added to a final
concentration of 10 μM. Fluorescence of each sample was measured using the
Promega Glomax-Multi Jr. Fluorimeter in the UV setting (λex=365 nm, λem=410450 nm), over the course of 4 to 10 hours, determined by lab availability and
hydrolysis rates. The hydrolysis rates for the nine substrates were measured and
12

compared for both the WOR cores and the Kongsfjoden cores. Killed controls
were made using autoclaved sediment slurry. By autoclaving the live sample it
can be assumed that the vast majority of the activity will be stopped and data can
be normalized based on these values. Calibration curves were run
simultaneously using autoclaved sediment slurry, buffer, and substrate.
Saturation curves for Leu-AMC, Arg-AMC, PVA-AMC, MUB-xylo, MUB-aGlu, MUB-PO4, MUB-Galac, were completed to determine the maximum
potential hydrolysis rates if the substrate concentration was saturating (Figure 3).
While in situ hydrolysis rates would be lower due to lower available substrate
concentrations, these rates could allow for possible functional characteristics to
be determined in microbial communities.
Water Column Assays from Svalbard
Water samples were collected from the surface (≤ 10 m) a depth (> 10 m)
with Niskin bottle casts at two sites, KA and T (Fig 1). Site T was sampled twice,
just prior to the major spring phytoplankton bloom and during the bloom.
Samples were stored in cubitainers in a cold room at 0° C after transport to the
lab where sample processing began within 2 hours of collection. Samples were
maintained at 0° C during enzyme activity measurements under oxic conditions.
Analyses used 860 μL of sample, 100 μL of buffer, and 10 μL of substrate, which
were mixed by inversion in a 1.5 mL methacrylate cuvette. Measurements were
done over the course of 2 to 4 hours, determined by hydrolysis rates, using a
Promega Glomax Jr. Fluorimeter in the UV setting. (Figure 2). Control samples
13

were made using artificial sea water purchased from Sigma Aldrich (#S9883) to
determine rates for enzymatic hydrolysis versus abiotic hydrolysis in nature. A
different suite of enzyme substrates were used for this analysis. This work was
done in collaboration with another lab who had strong preference for which
substrates would be analyzed. These can be seen in table 1.

Microbial Production in Svalbard Seawater
To determine microbial production in Kongsfjorden seawater, 20 µl of 3HLeucine was added to 1.7 µL seawater to a final concentration of 20 nM Leucine
and incubated in triplicate microcentrifuge vials at 4°C for 20 minutes through 5
hours. At the end of the incubation period, the incubations were stopped with 90
µL of 100% trichloracetic acid (TCA). Single vials that had equal amounts of prealiquoted TCA and seawater were used as killed controls. After incubations,
samples were centrifuged for 15 minutes at 16,1000xg, rinsed 3 times with 500
µL ice cold TCA, and then again rinsed with 500 µL of 80% ethanol and 20%
ultrapure water. Mixtures were centrifuged for 3 minutes at 16,1000xg between
rinses and were allowed to air dry overnight. The activity of the 3H-Leucine in the
precipitated proteins was measured using Perkin Elmer Ultima Gold AB
scintillation cocktail and a Perkin Elmer scintillation counter (Figure 6).

Cell Counts
Cell counts were prepared following the procedure established by Porter
and Feig (1980), which utilized filtered cells stained and illuminated by using
14

DAPI (4’,6-diamidino2-phenylindole, dihydrochloride). 3.6 ml of unfiltered sample
were preserved at the time of sampling, with 400 µL of 0.2 µm-filtered
glutaraldehyde prior to storage in a 5 mL cryovial at -20 °C. At the time of
analysis, samples were slowly brought to room temperature. 1 mg ml-1 DAPI
stock was diluted with filtered deionized water, to 0.1 µg ml-1. A 0.45 µm Milipore
absorbent pad topped with 0.2 µm Milipore membrane filter was dampened with
filtered deionized water to aid in even cell distribution. Sample (8 mL for Svalbard
water and sediment and 2 mL for WOR sediment) and 200 µL of 0.1 µg ml-1
DAPI stain were pipetted into a filtration system and left to sit in the dark for 1012 minutes (Porter and Fieg 1980). The sample was filtered and dried in the dark
for 30 minutes. Filters were mounted onto microslides using one drop of
vectashield hardset (Vector Laboratories, Burlingame, CA) to secure the filter,
slide, and cover slip. Slides were stored in the freezer, for a maximum of two
weeks, until the cell counts were done. Slides were viewed using a Zeiss AXIO
Imager.M2 at 100x magnification with a DAPI 14 filter. Representative images
were captured on an Axiocam MRm.
Sediment cell counts were conducted using the method developed by
Ravenschlag et al. (2001). Sediment was fixed using a final concentration of 3%
glutaraldehyde, washed twice with 10 mM phosphate-buffered saline, and was
stored in PBS-ethanol at 20°C prior to preparing for microscopy, according to
Porter and Feig (1980) and can be seen in table 2.
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Data Analysis
Calibration
Calibration curves for each depth, site, and fluorophore were collected at a
concentration range between 0 and 100 µM. Saturation curves were also
collected to normalize raw data with florescence production rates. Once raw data
were normalized, kinetic models could be made.

Kinetics & Michaelis-Menten models
The Michaelis-Menten equation relates enzyme-catalyzed reaction
velocity to substrate concentration, and reliably describes the kinetics of
enzymes in environmental samples (Findlay and Sinsabaugh, 1999). This
equation assumes that substrate can reversibly bind to an enzyme to form an
enzyme substrate complex, and that the reaction irreversibly generates a product
and regenerated free enzyme (Ainsworth and Ainsworth, 1977). The MichaelisMenten equation is expressed as:
𝑉0 =

𝑉𝑚𝑎𝑥 [𝑆]
𝐾𝑚 + [𝑆]

This method has three important components: Vmax, the maximum velocity that
the specific system can reach, Km , the Michaelis constant or the substrate
concentration where the reaction rate is 50% of the Vmax, and [S] the
concentration of the substrate. In R, we used the nls2() function with the formula
V0 ~ (Vmax * substrate concentration) / (Km + substrate concentration) to find the
16

values of Km and Vmax that yielded the best fit to the data. Any negative Km
values, and Km standard deviation values that were greater than the calculated
Km, were removed from data analysis.
Saturation curves were generated for Leu-AMC, Arg-AMC, PVA-AMC,
MUB-xylo, MUB-B-Cello, MUB-a-Glu, MUB-PO4, MUB-Galac for both WOR and
Svalbard. These curves allowed Vmax, Km, and substrate concentration to be
calculated for the individual substrates (Figure 3).
Residual Sum of Squares (RSS)
Residual sum of squares was calculated for each model. This is a
measure of the deviation between the model and the measured data. The
smaller the RSS value, the more closely the model fits the given data.

Downcore-integrated enzyme activities
To compare overall activity between enzymes and sites, we integrated
activities downcore at each site, for each enzyme. V0 values were averaged
across replicates for each unique substrate and site combination, and the area
under the curve, was calculated using the DescTools package in R.
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RESULTS

Research Hypotheses
The ratios of enzyme activities in Kongsfjorden differed from those in the
WOR. There were similarities between ratios of enzyme activities from
Kongsfjorden sediments but not WOR samples (Figure 3). For each substrate,
potential enzyme activities were very similar among the two Kongsfjorden sites,
but they were very different from WOR, where potential activities were
consistently close to zero (Figures 3, 4). Consistently high potential hydrolysis
rates were measured from Kongsfjorden sediments for substrates like Arg-AMC,
PVA-AMC, MUB-galac, and MUB-a-Glu, but there was little to no activity
measured from WOR sediments.
Consistently high potential activities for all enzymes except (1,4)-βglucanase were measured from Kongsfjorden samples. The half-saturation
constants of the extracellular enzymes and Km values in Kongsfjorden sediments
were lower for every substrate compared to WOR samples (Figure 6). The lower
Km values suggest that these enzymes had a higher affinity for their target
substrate than WOR enzymes.
Lastly, the diversity of enzymes active at each site was different. For the
WOR, four substrates displayed activity distinguishable from zero, but the
Kongsfjorden samples had activity greater than zero in all 9 substrates, and the
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diversity of enzymes had a greater range of hydrolyzed substrates than WOR
samples.
Cell Counts
WOR sediment cell counts (Table 2) were all relatively similar, with the
exception of depth 12-15 cm below sediment water interface that showed a large
increase in cellular abundance. For Kongsfjorden cores, cell counts decreased
downcore after 6 cm, remained constant, and decreased again after 12 cm.
The surface water sample from Kongsfjorden had higher cell counts
(Table 2) than the water from >10 m. Site KA had the smallest difference in
number of cells (3.6 x 104 cell ml-1). Site T displayed the highest difference
between surface and deep water, with a difference of 3.3 x 105 cell ml-1.
Water Column Assays
At site KA, MUB-SO4 had the highest activity, followed by Leu-AMC, for
both water depths. The only substrate at this site to be noticeably different
between depths was BOC-QAR-AMC, which showed a slightly higher activity at
the surface than at depth. At site T, activity profiles between the water depths
were different. The deep site was dominated by BOC-FSR-AMC activity, with
several substrates contributing smaller but non-zero activities. The surface
sample was dominated by four main substrates, Leu-AMC, BOC-FSR-AMC,
AAPF-AMC, and BOC-QAR-AMC. For site Tb, all of the substrates had relatively
low hydrolytic rates when compared to the other sites tested. Hydrolysis
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measurements from the surface water at site Tb was dominated by Leu-AMC,
followed by BOC-QAR-AMC, BOC-FSR-AMC, and AAPF-AMC. All three sites
had basically zero activity for both water depths for MUB-Cello, MUB-B-glu,
MUB-A-glu, and Z-FVR-AMC.
Kinetics
For WOR, referred to with the letter H on figure 3, activities rarely
exceeded 1 μM hr-1 with the exception of L-Leucine, α-glucosidase, βgalactosidase, and PVA-aminopeptidase. L-Leucine showed a peak in activity at
both 0 cm (~5 μM hr-1) and 3 cm (~3 μM hr-1), α-glucosidase showed a peak at
30 cm (~1.6 μM hr-1), β-galactosidase peaked at 3 cm (~1.5 μM hr-1), and PVAaminopeptidase peaked at 30 cm (~5.8 μM hr-1) (Figure 4a).
For the WOR, each substrate had relatively large Km values, with only
MUB-B-cello, Leu-AMC, and Arg-AMC falling below 100. Vmax values varied
widely for each substrate, with MUB-PO4 displaying the highest value at 164.9
μM hr-1 and MUB-B-cello displaying the lowest value at 1.19 μM hr-1.(Figure 6).
Residual sum of squares (RSS) was also calculated for each model. ANOVA
testing was also completed and confidence intervals were ascertained.
For both Kongsfjorden coring sites, the activities far exceeded rates seen
in the WOR sediments. Calibrated hydrolysis rates regularly exceeded 100 μM
hr-1. Peptidases reach hydrolysis rates of ~600 μM hr-1 (Leu-AMC), and
collectively have an average maximum hydrolysis of ~200 μM hr-1. Carbohydrase
rates had maximum averages ~200 μM hr-1. Sulfomonoesterases had maximum
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averages of ~150 μM hr-1. Finally, phosphomonoesterases had maximum
averages of ~15 μM hr-1. For site IA, activity was particularly high for L-Leucine
and Proline-valine-arginine substrates (figure 4). L-Leucine had a rate of ~ 500
μM hr-1 at depth 3-6 cm, was brought back to 0 at 6 cm, and 9 cm. At 12 cm,
hydrolysis increased and at 15 cm measured hydrolysis peaked at ~150 μM hr-1.
For proline-valine-arginine, activities increased almost linearly from 0 cm to 9 cm,
where activities peaked at ~350 μM hr-1, decreased to zero by 12 cm, and
increased to ~150 μM hr-1 by 15 cm, with a slow decrease back to zero by 21 cm.
A similar pattern of hydrolysis was measured at site T for proline-valine-arginine;
activity was 0, increased to ~280 μM hr-1 by 9 cm, spiked at 15 cm, and gradually
decreased to zero by 21 cm. L-Arginine hydrolysis started at 0 μM hr-1and
increased to ~180 μM hr-1 for site IA and ~150 μM hr-1. The similarities in
activities can be traced through many of the substrates at both sites IA and T.
The data were rigorously checked for errors to ensure that this pattern was real
rather than an artifact or an error in data entry/processing. Sites IA and T show
remarkably similar trends downcore. There are slight deviations throughout, but
overall both sites had the same trends for all but MUB-B-cello and MUB-galac
substrates.
Microbial Productivity
All sites had a roughly similar 3H-Leucine incorporation until roughly 1.5
hours into the incubation (Figure 6, after which incorporation slowed. The control
samples did not display substantial leucine incorporation. This decrease in
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microbial secondary productivity could imply that early productivity was fueled by
highly labile organic matter that ran out after ~1.5 hours and caused a decrease
in productivity.
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Table 2: Cell counts
Depth

0-3cm
3-6cm
6-9cm
9-12cm
12-15cm
18-21cm
21-24cm
control
control
0-3cm
3-6cm
6-9cm
12-15cm
15-18cm
18-21cm
24-27cm
27-30cm
30-33cm
33-36cm
36-39cm
41-44cm
44-48cm
57-60cm
control
control
T surface
KA surface
KA deep

Site

Sample
Type

Cells/ml

Kongsfjorden
(IA)
Kongsfjorden
(IA)
Kongsfjorden
(IA)
Kongsfjorden
(IA)
Kongsfjorden
(IA)
Kongsfjorden
(IA)
Kongsfjorden
(IA)
Kongsfjorden
(IA)
Kongsfjorden
(IA)
WOR
WOR
WOR
WOR
WOR
WOR
WOR
WOR
WOR
WOR
WOR
WOR
WOR
WOR
WOR
WOR
Kongsfjorden
Kongsfjorden
Kongsfjorden

Sediment

1.43E+07

Standard
deviation
cells/ml
4.10E+06

Sediment

1.41E+07

3.38E+06

Sediment

1.29E+07

3.22E+06

Sediment

1.32E+07

3.03E+06

Sediment

1.19E+07

2.65E+06

Sediment

1.15E+07

2.12E+06

Sediment

1.11E+07

2.47E+06

Sediment

0.00E+00

0.00E+00

Sediment

0.00E+00

0.00E+00

Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Sediment
Water
Water
Water

1.43E+07
1.42E+07
1.54E+07
2.08E+07
1.50E+07
1.34E+07
1.41E+07
1.05E+07
1.25E+07
1.11E+07
1.31E+07
1.05E+07
1.14E+07
7.14E+06
0.00E+00
0.00E+00
2.42E+05
2.67E+05
2.30E+05

5.50E+06
6.07E+06
6.16E+06
3.05E+06
5.66E+06
4.06E+06
3.49E+06
4.05E+06
4.60E+06
4.81E+06
4.62E+06
5.09E+06
5.26E+06
3.47E+06
0.00E+00
0.00E+00
1.42E+05
5.10E+04
5.99E+04
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Table 2: Cell counts continued
F surface
F deep
Plume
surface
Plume deep

Kongsfjorden
Kongsfjorden
Kongsfjorden

Water
Water
Water

6.44E+05
3.19E+05
8.05E+05

1.38E+05
1.20E+05
1.28E+05

Kongsfjorden

Water

4.91E+05

7.83E+04
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Figure 1: Map Kongsfjorden, top image. Coring locations within Kongsfjorden labeled by red
asterisk. Site T is the site closest to the glacier located in Kongsfjorden, (easternmost asterisk).
WOR coring sites located on the bottom image by a red asterisk.
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Figure 2: Kongsfjorden water column data, showing that multiple substrates were hydrolyzed
depending on water column depth and site
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Figure 3: Saturation curves for Kongsfjorden and White Oak River sites.
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Figure 4:Calibrated hydrolysis rates for all measured sites, substrates, and depths. H
corresponds to the White Oak River site., IA and T are both located in Kongsfjorden. The y axis is
depth below the sediment water interface in cm.
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Figure 4a: Calibrated hydrolysis rates for WOR, highlighting that there is activity, just on a much
smaller scale than what was observed for Kongsfjorden.
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Figure 4b: Calibrated hydrolysis rates for Site T of Kongsfjorden
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Figure 4c: Calibrated hydrolysis rates for Site T of Kongsfjorden.

31

Figure 5: Km values calculated through nls model for each site and substrate. Substrates with
negative Km values were removed from analysis.
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Figure 6: Leucine incorporation as a function of time in Kongsfjord was highest
at the surface site during the bloom (Tb) and lowest at site KA. For the deep
sampling site, F showed the highest level of activity while T showed the lowest
bacterial productivity. Bacterial productivity measured in pM/L/hr-1.
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DISCUSSION
Generally, higher extracellular enzyme activities and rapid utilization of
nutrients occur in temperate, lower latitude sediments (Chaudhary et al., 2017;
Deming, 2002; Huston et al., 2000; Jumars et al., 1993; Vetter and Deming,
1994). This was the premise behind the first hypothesis, that bulk enzyme
activities would be lower in the Kongsfjorden sediments. However, the
experimental results did not support this hypothesis, and instead suggest that the
Arctic microbial communities are capable of accessing a wide range of
macromolecules at relatively fast rates compared to the WOR communities,
which had much higher extracellular enzyme activity in the past, specifically
orders of magnitude higher than what were observed here, (Steen et al., 2019).
This variance suggests that there may be more temporal variability than
was previously thought (Steen et al., 2019). However, little is known about the
temporal variability of extracellular enzyme activities in sediments, in general.
Moreover, although the WOR has been studied over the course of decades, with
multiple researchers returning to repeat measurements (Bullock et al., 2017;
Lloyd et al., 2011; Steen et al., 2019), there have been few studies of
extracellular enzyme activities in sediments at depths of greater than ~20 cmbsf
(Arnosti, 2011; Schmidt, 2016). This makes my thesis work important because it
will help us understand the possible changes in enzyme activity within deeper
sediment systems, and specifically those that experience seasonal temperature
and microbial diversity changes at the centimeter-scale (Kevorkian et al., 2020).
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Consequently, differences in bulk enzyme activities between the current and past
studies could be explained by differences in seasonal biogeochemical processes
that results in variable enzyme activities (Land and Paull, 2001).
Alternatively, there is the possibility that the low enzyme activities from
WOR sediments are a byproduct of sampling or experimental error. Improper
flash freezing using liquid nitrogen could have harmed living cells to the point
they were no longer active. This is unlikely, as there is a well-established
precedent for storing sediment samples using this technique, and the
Kongsfjorden samples were treated in the same way (Antonietti et al., 1988;
Fragoso et al., 2006; Kumar et al., 2015). Another potential source of low
enzyme activities could arise from improperly made or stored substrates. This is
also unlikely, as some of the same substrate stocks were used to analyze
samples from both the locations. These substrates were also made in batches as
needed to prevent substrate breakdown. If substrate were to blame, then we
would expect some sampling dates to have low activities, while other dates
having higher activities, which was not the case. Improper calibration curves
could also contribute to low activities. However, these samples were calibrated
using multiple calibration curves and methods, all of which indicated the same
low enzyme activities. It is also possible that autoclaving the sediment samples
was not enough to eliminate potential activity.
The purpose of autoclaving the samples was to eliminate biotic factors
associated with enzyme activity. By heating the sediment under high pressure
35

and high temperature, enzymes should have been denatured and microbes
killed. Previous work showed that some enzymes can survive intense heat and
retain residual activity (Schmidt, 2016). It is also reasonable to assume that these
enzymes can withstand high pressures as they’ve adapted to deep sea
pressures.
Enzyme kinetic theory suggests that Km values are typically higher in coldadapted enzymes. However, for each site at which a Km could be measured for
each substrate, the Km was lower at Kongsfjorden Station IA than at WOR station
H (Figure 5). This difference was not statistically significant (p=0.31). Because a
Michaelis-Menten fit could only be measured for three substrates at both sites,
the statistical power of this test was very low. Previous work indicates that Arctic
enzyme substrate complexes would bind more loosely to one another to allow a
broader range of enzymes to fit to the active site, and allow the enzyme to be
denatured at lower temperatures (Feller and Gerday, 2003). It is possible that
this difference is an artifact and activities were far lower at WOR than at
Kongsfjorden, or perhaps some systematic error artificially led to higher K ms in
WOR. Alternatively, there is some precedence for Km values being comparable to
temperate systems observed in Antarctic sediments(Fabiano and Danovaro,
1998). High concentrations of proteins found in the soluble fraction of the
sediment was hypothesized to be a large driver for this finding, as in many
oligotrophic environments, proteins account for a minor fraction of total
proteinaceous material (Fabiano and Danovaro, 1998).
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WOR carbon remineralization rates decrease with depth, with an average
rate of 15-10000 μM hr-1 of 43% of incoming organic C being remineralized
(Kelley et al., 1990). Organic carbon oxidation has also been compared to the
ratio of ΣVmax for selected extracellular peptidases. As depth below the sediment
water interface increased, the potential activity of extracellular peptidases
decreased at a much slower rate than the rate of organic carbon oxidation. This
means that the ratio of ΣVmax to the organic carbon oxidation rate increased,
which suggests that there is approximately equal dependence on extracellular
enzymes for the metabolism of bioavailable organic carbon (Steen et al., 2019)
For arctic sediments, an average rate of 20-400 nmol cm-3 d-1 carbon oxidation
has been calculated, equivalent to 0.83-16.7 μM hr-1 (Kostka et al., 1999). The
rates calculated for WOR suggest that extracellular enzymes are the main
component fueling remineralization, which supports the findings of Steen et al.
(2019). Similarly, in Kongsfjorden sediments, Vmax values were on the order of
hundreds of μM hr-1, indicating that microbial extracellular enzymes had the
potential to supply the microbial community with all of the organic carbon it
oxidized, if the supply of substrate was adequate.
Both WOR and Kongsfjorden communities could have a preference for
proteins vs. polysaccharides, which is consistent with N scavenging behavior
observed in nutrient starved communities (Fabiano and Danovaro, 1998; Moss et
al., 2020; Schmidt, 2016; Steen et al., 2019). Rather than hydrolyze the “easily
accessible” carbon found in polysaccharides, the microorganisms pull N from
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amino acids and proteins because N could be more valuable for the deep
subsurface community. Jenna Schmidt (Schmidt, 2016) in her thesis work found
similar results, specifically that deep sediments from the Baltic Sea subsurface
displayed more extracellular enzyme activity for N and phosphorus.
Sulfate concentrations are high in Kongsfjorden porewater (Buongiorno et
al., 2019; Michaud et al., 2020) (REFS), and sulfatase extracellular enzyme
activity peaked at approximately 6 cmbs where previously noted cryptic sulfur
cycling is occurring from the reduction of sulfate to sulfide and abiotic reoxidation
by Fe(III) (Buongiorno et al., 2019; Wehrmann et al., 2017). The purpose of
sulfatases may be to remove sulfate from organic macromolecules so that
microbes can use the resulting organic carbon, rather than the free sulfate.
This research raises interesting questions that could benefit from a
complementary experiment where temperature is manipulated under laboratory
conditions. The use of a temperature gradient block that maintains stable
temperatures at distinct intervals, would allow assays to be conducted from a
range of 0-30 °C to observe the effect of temperature change on selected
substrates. By plotting the enzyme activities as a function of temperature the
temperature sensitivity of different enzymes could be found. If there were
differences, it would suggest that as sediment warms, the pathways for organic
matter breakdown will change. This could be performed in conjunction with
metagenomics, which would allow the study of the microbes present in the
system and function capacities of these organisms could be determined. Th
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This would allow the relationship between biotic and abiotic controls on
enzyme hydrolysis rates to be better ascertained.
Data for figure 4 and figure 3

CONCLUSIONS

Rapid hydrolysis rates in Svalbard are consistent with previous findings
that low-temperature sediments can host microbial communities that oxidize
organic matter surprisingly rapidly. However, enzyme activities in WOR in this
study were anomalously low compared to previous work at the same site. While
controls on enzyme activities at the scale of single enzymes in simplified systems
are well understood, these results indicate that behavior of extracellular enzymes
at the microbial community scale can differ substantially from what would be
predicted in simplified systems. In order to determine larger scale connections
metagenomics, metatranscriptomics, and metabolomics should be conducted at
each site. These can then be compared to determine effect of differing microbial
communities on the maximum potential hydrolysis observed at each site.
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